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Abstract   Sinkholes in Val d’Orléans occur regularly and can have significant 
socio-economic impacts. They are due to the presence of a karstified limestone 
under 5-15 m thick alluvial deposits. Intense karstification within the area is 
caused by infiltration of large amount of Loire River water in the karst aquifer 
through swallow holes. Two mechanisms for the formation of sinkholes are pro-
posed: 1) suffosion of alluvial deposits towards the karstic conduits leading to the 
occurrence of a void at the base of the alluvium that will progressively enlarge up 
to reach the surface; 2) karst conduit ceiling breakdown as a consequence of con-
duit size evolution and/or hydrostatic pressure changes within the karst aquifer. 
In order to better understand the mechanisms leading to sinkhole occurrence, 
an experimental site comprising groundwater and surface deformation monitoring 
has been setup in an area known to be regularly impacted by new sinkholes.  
First results show similar groundwater level variations in the alluvial and kar-
stic aquifers with however a small difference at the beginning of recession limbs 
when the alluvial aquifer shows higher water levels compared to the karstic aqui-
fer. This situation may favour suffosion and/or sloughing. The comparison of wa-
ter chemistry between Loire River and karst groundwater seems to indicate very 
active dissolution processes directly downgradient of the swallow holes and a po-
tential rapid evolution of karst conduit sizes. Such an evolution can contribute to 
conduit ceiling breakdown resulting in collapse sinkholes. 
Obtained results bring new insights that will be useful for adequate sinkhole 
risk management (e.g., hazard mapping, surveillance methodology, etc.). 
Introduction 
  A geological hazard specific to karst regions is ground subsidence caused by 
the presence of voids in soluble rocks as a result of dissolution. In limestone karst 
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settings, subsidence likelihood becomes especially significant when limestone is 
covered (mantled or buried karst) (e.g., Waltham et al. 2005). Sinkholes result 
from different processes (Waltham et al. 2005, Ford and Williams 2007): dissolu-
tion sinkholes and collapse sinkholes occur in barren karst, dropout and suffosion 
sinkholes occur in mantled karst, and subsidence/compaction sinkholes occur in 
buried karst. 
However the detailed physical processes leading to the appearance of sinkholes 
remain still partly unknown despite several lab (Lei et al. 2002, Jiang et al. 2015, 
Sato & Kuwano 2015) or modelling (Tharp 1999, 2002) studies, and as a conse-
quence methodologies devoted to sinkhole appearance monitoring are still in their 
infancy: when water table decline is the dominant triggering factor, groundwater 
level monitoring can be setup (e.g., Lei et al. 2002, Yao et al. 2007); in case of 
other triggering factors, optical fibre monitoring in the overburden may be able to 
detect small deformation before the collapse occurrence (e.g., Lanticq et al. 2009, 
Jiang et al. 2006, Meng et al. 2013); in addition, ground surface deformation radar 
monitoring (GB-InSAR) is presented by Intrieri et al. (2015). 
The present study focuses on physical processes leading to sinkhole in mantled 
karst setting through monitoring both groundwater parameters in the aquifers and 
surface deformation within a dedicated experimental site. Perspectives of this 
study are to identify potential methods for sinkhole appearance prevention (e.g., 
pre-event indicators monitoring). 
The experimental site was setup in the mantled karst of Val d’Orléans located 
120 km south of Paris (Figure 1). This area was chosen because sinkhole occur-
rence is frequent and this geological hazard is highly significant locally as it regu-
larly impacts infrastructures such as buildings, roads or river embankments. 
Thierry et al. (2005) used different geophysical investigations to characterise the 
geohazard constituted by shallow karst conduits in the urbanised part of the Val 
d’Orléans. In the same area, the risk associated with the presence of karst conduits 
under Loire River embankments and potential sinkhole occurrence beneath these 
structures has been assessed by geophysics (Samyn et al. 2014) and by a geotech-
nical characterisation (Gombert et al. 2015). 
The karstic formation is constituted by the Beauce limestone, a Tertiary lacus-
trine limestone of 200 m maximum thickness made up of two members (Pithiviers 
and Etampes) separated by marls (Molasse du Gâtinais) (Maget and Pointet 2006). 
The upper Pithiviers member is the main karstified formation. The overlying for-
mations are constituted by Quaternary alluvial deposits (Holocene) of the Loire 
River which are mostly permeable and constitute an unconfined aquifer (Figure 1). 
  
 
 
Fig. 1. Simplified geological map of the study area and geological cross-section (modified from 
Caudron 1964). Dropout and collapse sinkholes are indicated by red circles and Bouillon spring 
(main spring of the karst system) by a blue circle. 
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The active karst aquifer is dominated by numerous swallow holes observed 
along the Loire River and tributaries upstream of Orléans city (Lepiller 2006) 
(Figure 1). Total water losses from the Loire to the aquifer are estimated between 
15 and 20 m
3
/s. New attempt at quantifying the water losses, using 46 years of 
data, seem to give a lower value, with an average of 11.5 m
3
/s (Gutierrez & Binet 
2012). This water is brought back to the Loire River by several springs starting 
from Orléans city among which the most important one (Bouillon spring) is at the 
origin of Loiret River (Figure 1). The hydrogeology of the karst aquifer and its 
main springs has been studied by Albéric & Lepiller (1998), Joodi et al. (2010), 
and Joigneaux et al. (2011). 
Two mechanisms for the formation of sinkholes are proposed (Gombert et al. 
2015, Perrin et al. 2016): 1) suffosion of alluvial deposits towards the karstic con-
duits leading to the occurrence of a cavity at the base of the alluvium that will 
progressively enlarge up to reach the surface (dropout sinkhole); 2) karst conduit 
ceiling breakdown as a consequence of conduit size evolution and/or hydrostatic 
pressure changes within the karst aquifer (collapse sinkhole).  
Main results 
Site characterisation 
Three boreholes (2 in limestone, 1 in alluvium) were drilled for setting up piezo-
meters. The two holes in the limestone (Pz1, Pz3bis) encountered an active karst 
conduit about 8 m below the limestone top. A video inspection in Pz1 indicates 
that the conduit is slightly elongated along the horizontal plane and has a maxi-
mum height of 70 cm and width of at least 1 m; the size of Pz3bis conduit may be 
slightly higher (1 m drill bit drop estimated during drilling operations). When 
these two boreholes are pumped, most if not all the water comes from the karst 
conduits. While drilling Pz3bis, a loose formation about 50 cm thick was encoun-
tered 3 m below the active conduit associated with production of highly turbid wa-
ter. This level is interpreted as a partly clogged conduit. The flow connection be-
tween Loire swallow-holes and conduits intercepted by the boreholes was proven 
by temperature and EC well logging showing values close to the ones observed in 
the river at depths corresponding to the conduits and by a tracer test (Figure 2). 
This test was conducted under medium-flow conditions (12/09/14): 2 kg of 
naphtionate was injected directly in a swallow hole located 750 m upgradient of 
the experimental site and in the river bed about 10 m away from the southern 
bank.  Pz1 was pumped at a discharge of 40 m
3
/h and samples were taken at the 
pump outlet; Pz3bis was sampled using a small pump. Samples were analysed in 
the lab using a spectrofluorimeter (HITACHI F-7000).  Breakthrough curves were 
observed at the two piezometers (Figure 2), indicating that the conduits are fed by 
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a same swallow  hole. Breakthrough in Pz3bis showed lower maximum concentra-
tion and larger times for first arrival and at peak concentration resulting in maxi-
mum tracer velocity of 172 and 222 m/h and mean velocity at peak concentration 
of 83 and 123 m/h for Pz3bis and Pz1 respectively. These differences may be 
partly caused by pumping at Pz1; however pumping rate was low in comparison to 
the natural flow rate in the conduit and it is thus believed that the effect of pump-
ing on natural flow paths remained minimal. It is more likely that breakthrough 
differences were caused by the hydraulic characteristics of the two conduits (flow 
rates in the conduits, tortuosity, connections with other tributaries, etc.). The tracer 
recovery cannot be estimated precisely because the actual flux in both conduits is 
unknown; however if we maximise this flux (400 m
3
/h in each conduit corre-
sponding to a section of 2 m
2
 and a velocity of 200 m/h), recovery would only be 
about 5 %, which makes the existence of additional traced conduits likely. 
Additional tracer tests between the piezometers showed that there is no direct 
connections between the conduit of Pz1 and the one of Pz3bis although their ele-
vation is identical (about 15 m below the Loire level during low water), thus indi-
cating that they are two distinct branches connected to the same network. NaCl in-
jected in Pz2bis (alluvium) while a pumping test was carried out in Pz1 was 
slowly released in the alluvial aquifer over two days before reaching background 
concentrations as shown by continuous monitoring of EC, thus indicating no direct 
flux between the two aquifers. 
 
 
 
Fig. 2. On top: local map showing the tracer injection point (swallow-hole) and the monitored 
piezometers. Tracer breakthrough curves (bottom left) and temperature well logging in Pz3bis 
(bottom right): the blue rectangle indicates the active conduit location; on 30/6/15, the Loire river 
temperature was 28.7°C (temperature not known for the other date, but likely around 23-25°C). 
The pumping test in Pz1 during the tracing experiment did neither influence 
Pz2bis nor Pz3. Interpretation of Pz1 drawdown led to a transmissivity of 0.2 m²/s. 
A slug test in Pz2bis led to a hydraulic conductivity of 1.4 x 10
-6
 m/s; these results 
illustrate the high permeability contrast between both aquifers. 
During drilling, total loss of circulation was observed at the top of the limestone 
indicating a high permeability level, which is interpreted as a weathered limestone 
zone also visible on the electrical tomography profiles carried out before drilling 
(lower resistivity layer above more resistive limestone unit). These results from 
drilling, logging, and tracing experiments are summarised in a hydrogeological 
cross-section (Figure 3). Also the river water level and groundwater level are rep-
resented for both low and high flow conditions. It should be noted that the river 
water level presents higher heads at all times (2.2 m difference at low stage) but 
the head difference decreases under high flow conditions. The amplitude of water 
level fluctuations is quite high and reaches 4.2 m for groundwater and 3.5 m for 
the Loire river during the observation period (Sept. 2014-Dec. 2015). 
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Fig. 3. Experimental site hydrogeological cross-section showing the three piezometers (Pz1, 
Pz2bis, Pz3bis) and surface water and groundwater levels (light blue during flood events; dark 
blue during low water). 
Water level fluctuations 
Piezometric levels both in the alluvial and karstic aquifers are subdued to the 
Loire river levels, which acts as a head boundary in the local hydrogeologic sys-
tem (Figure 4). On flood falling limbs, we notice a slight head difference between 
the two aquifers, with higher water levels in the alluvium. Maximum difference is 
about 10 cm. It seems that this difference occurs only during floods at higher wa-
ter levels (winter season). During the large recession occurring in spring 2015, a 
small sinkhole located 20 m north of Pz1 (2 x 1 m in diameter) became 3 cm 
deeper (total depth increased from 18 to 21 cm) as shown by monthly ground sur-
veys using a laser levelling device. Later on, no movement was observed. Periods 
when hydraulic heads are higher in the alluvial aquifer are favourable to suffosion 
because groundwater fluxes are orientated from the alluvium towards the karst aq-
uifer. This slight ground movement observed during such a hydraulic period may 
indicate that suffosion process occurred. However, it remains hypothetical at this 
stage and additional data is needed for confirmation. 
Another process leading to the occurrence of collapse sinkhole is hydraulic 
fracturing at the walls of pre-existing voids located within the overburden at the 
contact with the rock head; this mechanism occurs when pore pressure gradient 
exceeds normal stress gradient (Tharp 1999, 2002). Such situation favours slough-
ing of the soil towards the pre-existing void and its progressive enlargement (up-
ward propagation) followed by collapse. In the local context, high pore pressure 
gradient prevails when water table decrease will lead the lower part of the allu-
vium from saturated to unsaturated conditions; the situation may become even 
more critical when water table drops below the rock head (total loss of buoyant 
support in the alluvium). 
 
 
Fig. 4. Piezometric variations recorded at the three piezometers (Pz1, Pz2bis, Pz3bis), Loire river 
water levels recorded in Orléans (15 km downstream of experimental site) and daily rainfall re-
corded at Orléans meteorological station. The dashed-lined rectangle indicates the period when a 
small depression monitored at the site became deeper. 
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Dissolution process 
In order to appraise the evolution of dissolution-related parameters from the 
Loire river swallow holes to the conduits at the experimental site (750 m down-
gradient) and the major conduit outlet (Bouillon spring, 13 km downgradient of 
the swallow holes), six sampling campaigns were carried out covering different 
hydrological conditions. Except in September 2014 and June 2015, samples were 
collected the same day, thus Bouillon spring water is not directly comparable in all 
cases to the ones collected upgradient because water travel time is 3-4 days, how-
ever the difference in water chemistry can be considered minimal especially under 
stable flow conditions. Results for calcium concentrations obtained by ion chro-
matography (DIONEX ICS 1100; Figure 5) show that the Loire water is the most 
dilute at all times. The Bouillon spring water is enriched in calcium compared to 
Loire water by 0.16-0.45 mmol/L. The difference is similar to the one given by 
Binet et al. (2010), who found an increase of 0.25 mmol/L based on over 100 
analyses and also to the range of 0.07-0.29 mmol/L given by Albéric & Lepiller 
(1998) who took into account the 3 days lag between Loire and Bouillon. This 
calcium increase is attributed to limestone dissolution by Albéric & Lepiller 
(1998) and Binet et al. (2010). The new data from the experimental site show dif-
ferent features: Pz3bis is enriched in calcium compared to Pz1 under high flow 
conditions (May 2015 & January 2016); the higher value observed in September 
2014 is likely due to water pumping above the conduit in Pz3bis, thus not repre-
sentative of conduit water. Except for the differences explained above, conduit 
water at the experimental site exhibit calcium concentrations similar to the ones 
measured at Bouillon spring. Concentrations are even higher early June 2015, 
however this difference may be caused by the hydrodynamic conditions (falling 
limb of a flood). Such results indicate that intense dissolution occurs directly 
downgradient of the swallow holes. Reasons for this are still unclear, but it is pos-
sibly caused by a boost in groundwater dissolution potential as a result of oxida-
tion of organic matter issued from the river (Albéric et Lepiller 1998). This intense 
dissolution may induce rapid enlargement of conduit sizes in the vicinity of swal-
low holes (1 cm/year as an order of magnitude estimate for an initial 1 m radius 
circular conduit). This evolution can consequently cause ground instability (i.e., 
appearance of collapse sinkholes). This potentially rapid evolution of conduit di-
ameter was already proposed by Binet et al. 2010. Apart from consequences on 
collapse hazard, it can also affect the aquifer hydrodynamics (e.g., temporal 
changes in transmissivities).  
 
 
Fig. 5. Calcium concentrations measured in the Loire river near swallow holes, in the karst con-
duits of the experimental site (Pz1, Pz3bis), and at Bouillon spring. 
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Conclusions and perspectives 
The results of this study are preliminary: they show that dissolution processes are 
very active directly downgradient of the swallow holes fed by the Loire river; this 
rapid dissolution may play a role in the occurrence of collapse sinkhole and more 
generally on the karstic aquifer hydrodynamics. Dropout sinkholes by suffosion 
process alone cannot be ruled out, however first results show that the head differ-
ence between the two aquifers remains small and vertical flow velocity may not be 
sufficient for suffosion to occur at least in part of the study area. Another process 
that may also contribute to internal erosion and appearance of dropout sinkhole is 
the plurimetric water table fluctuations that occur across the limestone-alluvium 
interface and associated pore pressure transients known to favour sloughing.  
Future studies should enable to obtain more precise data and information on the 
dominant processes leading to sinkhole occurrence and thus to improve our pre-
dictive capacity. In parallel, low-cost deformation sensors have been developed 
during the project and are presently tested onsite. Such devices are likely the most 
promising surveillance method so far for anticipating sinkhole occurrence in sensi-
tive areas. 
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